Since full-length RAG1 and RAG2 are insoluble at In order to characterize the role of the C-terminal "dispensable" portion of RAG2, we generated core-RAG2 physiological salt concentrations, all biochemical studies of RAG1 and RAG2 have relied on truncated, catalytiknock-in mice. We found that the core-RAG2-containing recombinase complex is selectively defective cally active recombinant proteins, which are readily soluble. These core-RAG1 (amino acids 384-1008 of 1040 in catalyzing V-to-DJ rearrangement at the IgH and TCR␤ loci, resulting in partial developmental blocks residues) and core-RAG2 (amino acids 1-383 of 527 residues) proteins were initially defined as the minimal in B and T lymphopoiesis. Analysis of recombination intermediates showed defects at the cleavage phase regions of each protein essential for near-wild-type recombination activity on cotransfected extrachromoof the reaction. We also observed a reduction in overall recombinase activity in core-RAG2-expressing thymo- 
other rearranging loci, pre-B cell DNA was assayed by PCR for VJ rearrangements. Analogous to D-to-J H reWe observed a reduction of cellularity in bone marrow, spleen, and thymus in animals carrying the core-RAG2 arrangement, we found no effect of the absence of the RAG2 C terminus on rearrangement at the Ig locus mutation ( Figure S1C [http://www.immunity.com/cgi/ content/full/17/5/639/DC1]). Except for a reduction of ( Figure 2D ). Since V-to-J rearrangement occasionally precedes the completion of IgH gene assembly, we also mature splenic B cells in hemizygous core-RAG2 mice, there was no significant difference in the ratio of T and compared V-to-J joining events mediated by full-length and core-RAG2 in pro-B cells. We detected comparable B cell populations, the percentage of CD4 ϩ and CD8 ϩ populations, or the percentages of CD4 each case, the frequency of dsDNA breaks was dimin-VDJ␦ rearrangement occurs during or before the DN4 stage of development (Hernandez-Munain et al., 1999). ished in the mutant, but the appearance of breaks was appropriately limited to the DN3 stage. Finally, using an PCR analysis using V␦ and J␦ primers revealed a decrease in VDJ␦ rearrangement in core-RAG2 mutant DN3 inverse PCR assay to detect signal joints, we ruled out the possibility that the decrease we observed in the and DN4 thymocytes ( Figure S2B ). In the TCR ␦ locus, V␦-to-D␦ rearrangement often precedes VD␦-to-J␦ refrequency of SBEs in mutant cells was the result of unusually rapid generation of V␤/D␤ signal joints (data arrangement, but the enhancer-dependent developmental regulation of the latter step makes it comparable not shown). Thus, the defect in TCR␤ gene assembly in mutant thymocytes is remarkably similar to the defect to the V-to- We considered several potential mechanisms to account for the selective defect in V-to-DJ rearrangement mutation ( Figure S2C) . Previous studies have shown that in core-RAG2 mice. First, it is possible that the catalytic exist between the full-length and core-RAG2 containing recombinase complexes, we designed a reporter assay activity of the core-RAG2-containing recombinase is significantly diminished and that the V-to-DJ recombinautilizing retroviral vectors to directly measure recombinase activity in developing lymphocytes ( Figure 5A ). The tion reaction requires optimal recombinase activity. Second, the non-core region of RAG2 may be involved in retroviral reporter integrates into the genome as proviral DNA, and the proviral LTR drives the production of a an aspect of RSS recognition, synapsis, or cleavage which is unique to V-to-DJ rearrangement. Finally, the bicistronic transcript which allows for the simultaneous assessment of recombination (inversion of the RSS-GFP non-core domain of RAG2 might be involved in the specific recruitment of the recombinase to V H and V␤ gene cassette and subsequent GFP expression) and infection efficiency (surface expression of hCD4 marker) on a segments. Perhaps more likely, the mutant phenotype might be due to a combination of these potential desingle-cell basis. The specificity and sensitivity of this assay was first fects.
To examine whether differences in catalytic activity confirmed by infecting thymocytes with either the 12ϫ23 (Figures 5B and 5C ). These two vectors supported similar levels of infection (total % of hCD4 ϩ cells), but the Our observation that the core-RAG2-containing recombinase has reduced activity but the mutation shows dis-23ϫ23 vector failed to yield any detectable GFP signal, as expected. We used these reporter viruses to infect proportional effects on different gene rearrangement events raised the possibility that subtle differences may either adult DN ( Figure 5B ) or total fetal ( Figure 5C ) thymocytes from wild-type and core-RAG2 mice and calcuexist between RSSs associated with different groups of gene segments, and these differences may contribute lated a RAG activity index as the percentage of GFP ϩ cells divided by the percentage of total hCD4 ϩ cells. We to the core-RAG2 mutant recombinase phenotype. We hypothesized that core-RAG2, a poor recombinase, found that core-RAG2 (⌬/⌬)-expressing cells display an approximately 2-fold reduction in recombinase activity might create a threshold effect among different RSS groups, and those affected by the core-RAG2 mutation relative to wild-type cells ( Figure 5B , ϩ/ϩ DN ϭ 21% and ⌬/⌬ DN ϭ 10%, respectively). The extent of reduction in during V-to-DJ rearrangement (3ЈVH RSS and 3ЈV␤ RSS, specifically) might display some unique feature in their the RAG activity index was even higher at an earlier time point (‫-7.3ف‬fold at 48 hr), indicating that the kinetics of nucleotide sequence when compared to other RSS groups which are recombined efficiently in the corethe core-RAG2-mediated reaction are slower. Similar results were obtained in assays using fetal thymocytes, RAG2 mouse. Based on this hypothesis, we simply divided 23-RSS although infection efficiencies were higher in this case ( Figure 5C) . from different V gene sets into two groups: VH/V␤ and V/V␣/V␥/V␦. This grouping is determined by whether We also noticed that the infection efficiency of core-RAG2 thymocytes was consistently lower than that of the rearrangement of a specific V gene set was affected by the core-RAG2 mutation. Then, using a novel statistiwild-type targets. Given the fact that integration of the proviral reporter into the genome occurs only in dividing cal model of the RSS (Cowell et al., 2002) , we analyzed 23-RSS within the VH/V␤ group (affected) and the V/ cells, we interpret this as being a reflection of the fact that fewer proliferating cells exist in the mutant sample.
(left panels) or the 23ϫ23 (right panels) reporter viruses The Role of Recombination Signal Sequences in V-to-DJ Rearrangement
V␣/V␥/V␦ group (unaffected). As summarized in Figure  6A , the most consistent differences between the two This is consistent with the defective ␤-selection observed in core-RAG2 thymus, which prevents the mutant (data not shown). We selected two clones that initially 3 and 4 and lanes 5 and 6 versus 7 and 8, respectively), had DJ H but not VDJ H alleles for further study. We tranconfirming the previously observed defect in V-to-DJ siently transfected these core-RAG2 pro-B cell lines with rearrangement. Most interestingly, preferential usage of either an empty expression vector or an expression vecthe specific V H Q52 gene segment was preserved in mutor encoding the non-core domain of RAG2 ( Figure 7A ). tant cells, suggesting that the core-RAG2 complex could
We observed a non-core RAG2 dosage-and timealso distinguish between VH/V␤ consensus and noncondependent complementation of the mutant phenotype sensus RSSs.
( Figure 7B, compare lanes 12, 13, 15 , and 16 to 18 and We next extended our analysis to V␤ gene segment-19, respectively). The ability of the non-core RAG2 to associated RSS. First, we assayed the preference of the act in trans in cooperation with the core region of RAG2 recombinase for individual V␤ RSS (V␤ 2, 8.1, 8.3, 11, has implications for its role in facilitating V(D)J recombi-12, and 15) by reacting purified genomic DNA from a nation which might involve the interaction of this non-RAG-deficient pro-B cell line (germline configuration) core RAG2 domain with RAG proteins and with other with recombinant core-RAG1 and core-RAG2 in vitro. cellular targets. SBEs were assayed by V␤-specific LMPCR assays (Figure 6E, lanes 1-4, and data not shown) . We found that RSSs that matched the VH/V␤ consensus (V␤11, V␤12, (Kirch et al., 1998) . Alternatively, the non-core region (data not shown). We are currently examining wild-type might interact with lineage-or locus-specific transcripdeveloping B cells in which we have overexpressed the tion factors, helping recruit the recombinase complex to non-core domain of RAG2 by transgenesis for potential specific gene segments in a developmentally regulated dominant-negative phenotypes which might reveal the fashion. It is also possible that the core-RAG2 mutation nature of its interacting partners in the cell. results in delayed cell cycle progression or enhanced cell death among early, cycling pre-B and pre-T cells due to the absence of its C-terminal degradation signal Potential Implications Allelic exclusion, the observation that a functional gene (Li et al., 1996) .
We observed an approximately 2-to 3-fold reduction product is produced by only one of the alleles of a rearranging locus in a given cell is most tightly enforced in catalytic activity of the core-RAG2-containing recombinase using a novel assay that directly measures reat the V-to-DJ step of IgH and TCR␤ gene assembly. While there is clear evidence that accessibility of the combinase activity in developing lymphocytes ( Figure  5 ). This diminished activity leads us to suggest that the heavy-chain locus is diminished in pre-B cells, the existence of an allele-specific or even reversible regulatory V-to-DJ phenotype might be due at least in part to quan- 
